The attempt to characterize physical media such as snow has led to the development of discrete particle models, in which aggregations of particles are embedded in a background media. We use such a model to drive monte carlo simulations and compute electromagnetic extinction rates, taking into account interactions between the particles. Although the particles can be modeled with any shape, spheres are more easily handled computationally and can be close to actual grain shapes.
Introduction
To accurately understand the phyics of electromagnetic scatteringof a media that has a dense distribution of scatterers, both an accurate model of the medium and an appropriately rigorous solution techinique to the scattering equations must be utilized. Discrete particle models in which spherical scatterers occupy random positions in the medium have been used as a model to calculate scattering properties. In recent work, we have investigated a sticky particle pair distribution function (Ding, et. al, 1994) which includes the adhesive nature of the particles causing them to clump together. This adhesive character provides a more accurate depiction of particles that exist in clusters.
For wave propagation in a medium consisting of randomly distributed scatterus, the classical assumption is that of independent scattering, which states that the extinction rate is muea, where is the number of particles per unit volume and ue is the extinction cross section of an individual particle. It has been demonstrated both experimentally (Ishimam, 1978; Kuga and Ishimaru, 1984) and theoretically (Twersb, 1977; Taang and Kong, 1980 ) that in a dense media (a dense medium is a medium in which the particles occnpy a significant fraction of volume -ie. more than 5%) the independent scattering assumption is no longer valid. Dense media theory that incorporates the correlated scattering between the grains must be used. Propagation and scattering in dense medium has been studied with the quasicrystalline approximation (QCA), and the quasi-crystalline approximation with coherent potential (QCA-CP) (Tsang, et. al., 1985) .
Maxwell's equations can be cast into the Foldy-Lax multiple scattering equations which are exact formulations. Tsang et. al. used an iterative formulation in Monte Carlo simulations to compute extinction rates for fractional volumes up to 25% (Tsang et. al., 1992) . These results included only the field due to the electric dipole and were for non-clustered geometries. In this paper -for clustered and non-clustered aggregations -we consider fractional volumes up to 40% and include the contribution of the magnetic dipole.
Sticky Particles
The sticky hard spheres (SHS) we consider are noninterpenetrable, spherical particles of diameter d with a nonzero surface adhesive force. They are characterized by an interparticle potential, U(+), given by (Baxter, 1968) :
provided that a limit is taken in which the range of interaction becomes infinitesimal and, simultaneously, its well depth infinite, in such a way that responds to infinite stickiness and r-' = O corresponds to non-sticky particles.
The pair distribution function is a two particle statistical description of sphere position. It is used in QCA and QCA-CP to describe the organization of the scatterers in a random media. Figure 1 shows the pair distribution function for SHS with r = 0.5, r = 0.2, and the non-sticky r = 00 (solid line).
To perform Monte Carlo simulations of systems of clustered particles described by the SHS pair distribution function g(r), deposition of the particles must be influenced by the attractive square well potential.
Maxwell's Scattering Equations
To calculate the extinction coefficient of a system of densely packed spheres, we iteratively solve Maxwell's equations in multiple scattering form. The formulation is numerically exact, and contains no approximations. Since each aggregation represents a random medium characterized by a given g(r), we use Monte Carlo simulations to calculate an average fields from which the extinction coefficient can be determined.
Maxwell's multiple scattering equations -which include all orders of scattering -can be expressed in matrix notation as (Tsang et. al, 1985) :
0 aqa) is the coefficient for the multiply scattered field The averaged field can be decomposed into a coherent and incoherent part, where the extinction rate arises from the incoherent scattered field. The coherent scattered field < E. > is calculated by R Nr
N,
E. >= -CE:
and the incoherent field is E," = E,"-< E, >, where U is the realization index with U = 1,2, ..Nr realizations. Calculation of the scattering coefficient IC, from the incoherent scattered field E, can be expressed as:
Results
Montec Carlo simulations of non-sticky particles with a size factor of ka = 0.2, permitivity of E . = 3 . 2~0 , and random organization were run for fractional volumes of 15%, 25%, 35% and 40%. Figure 2 shows extinction rates from Monte Carlo simulations, along with extinction rates calculated using the independent scattering assumption, QCA, and QCA-CP. The figure shows the overestimation of the extinction rates when the independent scattering assumption is made. The Monte Carlo results (shown as asteriks) agree fairly well with those obtained using QCA-CP, until the higher fractional volumes where the Monte Carlo simulations predict greater attenuation than does QCA-CP. This difference fig. 1. From fig. 2 , it can be clearly seen that the sticky particles show a greater extinction rate than do the non-sticky. Since the only difference between the two simulations is the pair distribution function, the important conclusion can be made that the particle placement is a crucial factor in estimating the extinction properties. This is intuitive in the present case where the placement is influenced by a clustering nature, and the particles clump to effectively form "larger particles". As one would expect, these "larger particles" exhibit a greater amount of attenuation because of their size.
Conclusion
In this paper we utilize Monte Carlo simulations to investigate the extinction rates from systems of densely distributed, dielectric spheres. As expected, the extinction rates are much smaller at higher fractional volumes than predicted by the independent scattering assumption. The results agree with QCA-CP, although small differences at higher fractional volumes (ie. > 30%) CM be due to the inclusion of the magnetic dipole in the Monte Carlo simulations.
The clustering of metamorphozed snow grains is one example of geophysical media whose constituents exhibit adhesive properties. The SHS pair distribution function describes particle systems with an adhesive nature, and might be more appropriate for modeling clustered systems. Extinction ratea from SHS are considerably higher than those computed for non-adhesive systems, due to the larger effective particle size of the grain clusters. Thus, it appears important to consider the scatterer organization to accurately predict wave propagation in media composed of discrete scatterers.
